Endothelial Injury in Human Atherosclerosis by Pasquinelli, G. et al.
Scanning Microscopy 
Volume 3 Number 3 Article 29 
8-30-1989 
Endothelial Injury in Human Atherosclerosis 
G. Pasquinelli 
University of Bologna 
A. Cavazza 
University of Bologna 
P. Preda 
University of Bologna 
A. Stella 
University of Bologna 
B. I. Cifiello 
University of Bologna 
See next page for additional authors 
Follow this and additional works at: https://digitalcommons.usu.edu/microscopy 
 Part of the Biology Commons 
Recommended Citation 
Pasquinelli, G.; Cavazza, A.; Preda, P.; Stella, A.; Cifiello, B. I.; Gargiulo, M.; D'Addato, M.; and Laschi, R. 
(1989) "Endothelial Injury in Human Atherosclerosis," Scanning Microscopy: Vol. 3 : No. 3 , Article 29. 
Available at: https://digitalcommons.usu.edu/microscopy/vol3/iss3/29 
This Article is brought to you for free and open access by 
the Western Dairy Center at DigitalCommons@USU. It 
has been accepted for inclusion in Scanning Microscopy 
by an authorized administrator of DigitalCommons@USU. 
For more information, please contact 
digitalcommons@usu.edu. 
Endothelial Injury in Human Atherosclerosis 
Authors 
G. Pasquinelli, A. Cavazza, P. Preda, A. Stella, B. I. Cifiello, M. Gargiulo, M. D'Addato, and R. Laschi 
This article is available in Scanning Microscopy: https://digitalcommons.usu.edu/microscopy/vol3/iss3/29 
Scanning Microscopy, Vol. 3, No. 3 , 1989 (Pages 971-982) 0891-7035/89$3.00+.00 
Scanning Microscopy International , Chicago (AMF O'Hare) , IL 60666 USA 
ENDOTHELIAL INJURY IN HUMAN ATHEROSCLEROSIS 
G. Pasquinelli~ A. Cavazza, P. Preda, A. Stella, B. I. Cifiello~ 
M. Gargiulo~ M. D' Addato~ R. Laschi. 
Institute of Clinical Electron Microscopy and~Chair of Vascular 
Surgery, University of Bologna, Policlinico S. Orsola, 
Via Massarenti 9, 40138, Bologna, Italy. 
(Received for publication May 1, 1989, and in revised form August 30, 1989) 
Abstract 
A light and electron microscopic investiga -
tion (scanning and transmission electron micro-
scopy) was performed on51 human atherosclerotic 
carotid lesions. The purpose of this study was 
to establish whether features of endothelial 
injury such as those described in animals cc.cur 
in man and whether these features can be related 
to specific stages of human atherosclerosis. 
Irrespective of their histological appearance 
the atherosclerotic lesions were covered with 
endothelium which showed non-specific changes in 
cell shape and size. However, all complicated 
lesions appeared denuded. Moreover, a peculiar 
interaction of endothelium with monocytes and 
lymphocytes as well as blood components (e.g., 
fibrin and lipoproteins) was observed in intimal 
thickenings, fatty streaks and uncomplicated 
plaques. The surface exposure of macrophage-
derived foam cells was seen on florid fatty 
lesions. Large areas of the arterial surface 
lacking any endothelial coverage Were characte-
ristic of complicated plaques. They appeared to 
be a consequence of the arterial wall degenera-
tion with an associated failure in endothelial 
repair. 
KEY WORDS: Endothelial injury, Scanning electron 
microscope, Transmission electron microscope, 
Human atherosclerosis. 
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Introduction 
During the past 10 years, the response-to-
injury hypothesis, proposed by Ross and Glomset 
in 1976 (61), has gained popularity among patho-
logists interested in atherosclerosis. This was 
mainly due to its ability to integrate, in a 
synthetical and logical manner, the information 
coming from experiments performed in different 
labs. The authors' view was that the earliest 
detectable event in the disease was an undefined 
injury to the endothelium which led to cell loss 
and subsequent exposure of the thrombogenic 
subendothelial matrix (denuding injury) . In 
animal models, in fact, the endothelial denuda-
tion induced by mechanical, chemical, viral, 
immunologic and toxic agents appeared to be ini-
tially followed by platelet adherence and degra-
nulation and later by smooth muscle cell migra-
tion and proliferation resulting in lesions very 
close to the human plaque (62, 63). 
The discovery of the platelet-derived growth 
factor (PDGF) as well as the identification of 
its biological activities (PDGF strongly chemo-
attracts and stimulates arterial smooth muscle 
cells to proliferate) strengthened the convic-
tion that endothelial loss was correlated with 
intimal smooth muscle cell (SMC) accumulation 
( 49, 51 , 64) . 
In 1985, Reidy (53) critically stated : "a 
major defect in almost all of these studies is 
the lack of any clear definition of what actual-
ly constitutes endothelial injury and, perhaps 
more importantly, how do we recognize it ? ". 
Therefore, the precise role of endothelial 
injury in the disease remains a debated issue, 
particularly in man. 
In the early 1970s techniques for culturing 
endothelial cells (EC) were developed, thus 
demonstrating how complex EC biology is (39). 
ECs present numerous functions, most of which 
can be relevant to the physiology of the vessel 
wall. In particular, the local EC modulation of 
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various biologic systems such as the coagulative 
system, vascular tone, inflammation and immunity 
has been recently demonstrated (12, 14, 24, 25, 
34). Moreover, there are also a few interesting 
papers on the potential implications of such 
endothelial functions in the onset and subse-
quent development of the atherosclerotic plaque 
(16, 48, 64, 67). Therefore, a dynamic partici-
pation of EC in the disease is gradually being 
defined. 
Some recent morphological investigations have 
questioned the presence of denuding endothelial 
injury both in animals (53) and in man (5, 31) . 
We observed foci of frank endothelial denudation 
only in the presence of advanced and complica-
ted human plaques (45). Richardson and Parbtani 
(58) demonstrated that minimal endothelial 
changes (non-denuding injury) can be induced by 
a variety of stimuli in animals. 
However, a complete and detailed documenta-
tion of such endothelial injuries has not yet 
been provided in human specimens. Scanning 
electron microscopy (SEM) has been demonstrated 
to be a reliable tool for detecting the sur face 
endothelial responses to vascular grafting (9, 
11, 29, 32, 47, 50, 55), balloon catheter 
injury (37, 43, 52, 71) as well as experimental-
ly induced and human atherosclerosis (44, 45, 
53, 63, 70). Accordingly, we mainly undertook 
an SEM investigation on endothelium overlying 
the diseased wall in different stages of human 
atherosclerosis. Moreover, transmission electron 
microscopy (TEM) was also used for corre latin g 
the surface with internal endothe lial morpholo-
gy. The purpose of this study was to verify 
whether features of endothelial injury such as 
those described in animals occur in man and 
whether they can be correlated with specific 
stages of the human disease. 
Materials and Methods 
51 atherosclerotic carotid lesion s were sur-
gically treated. 74.5 % of these lesions were 
revealed by an episode of cerebra-vascular 
insufficiency whereas 25.5% had no clinical 
symptoms. The asymptomatic lesions were submit-
ted to surgery due to the high risk of cerebral 
ischemia. In fact, they were either hemodyna-
mically significant lesions (stenosis over 50%) 
or lesions that with echotomography and angio-
graphy showed a complicated atheromatous plaque 
with thromboembolic risk. 
As far as risk factors are concerned, 64.7 % 
of the treated lesions occurred in smokers, 49% 
in patients with arterial hypertension, 31.4 % 
were associated with hyperlipidemia (8 with 
hypercholesterolemias, 4 with hypertriglyceri-
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demias, 4 with hypercholesterolemia plus hyper-
triglyceridemia), and 11.7% with diabetes. 
Moreover, the carotid lesion in 56.9 % was asso-
ciated with chronic peripheral obstructive arte-
riopathy and in 35.3% with i schemic heart 
disease. 
In all cases, a carotid thromboendarterecto-
my (T.E.A.) was performed. T.E.A. was initiated 
in the common carotid artery at 4 cm. from the 
main atheromatous lesion. This operation, involv-
ving the removal of the intima and media from 
the arterial wall, allowed us to obtain an 
arterial segment composed of the terminal part 
of the common carotid, the atherosclerotic 
plaque at the carotid bifurcation, and the ini-
tial portion of the internal carotid. 
Two arterial segments were se lected : the 
carotid bifurcation (segment l) and the appa-
rently unaffected common carotid artery 
(segment 2). The sample s were briefly rinsed 
in chilled phosphate buffer saline (PBS) and 
then fixed by submersion in 2.5 % buffered glu-
taraldehyde for 10 min. in the operating 
theatre. Each segment was divided into small 
pieces for light micros copy (LM), transmission 
and scanning electron microscopy (TEM/SEM) 
investigation. 
Samples for TEM were additionally fixed 
with 2.5 % glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.3, for 3 h, postfixed with 1% 0504 
in the same buffer for l h, dehydrated in a 
graded series of alcohol and embedded in 
araldite. 
Semithin and thin sections were obtained 
with a Reichert OMU3 ultramicrotome. Semithin 
sections for LM observation were stained with 
toluidine blue. Thin sections were counterstai-
ned with uranyl acetate and lead citrate and 
examined in a JEOL 100B transmission electron 
microscope. 
Samples for SEM were fixed as above and 
after ethanol dehydration they were critical 
point dried, coated with gold and observed in a 
Philips 505 scanning electron microscope. In 
addition, after glutaraldehyde fixation some 
specimens were subjected to the methenamine 
silver reduction staining. The staining proce-
dure was performed according to the method 
described by Becker and Soga rd in 1979 ( l). 
The specimens were coated with evaporated 
carbon and observed in the scanning electron 
microscope by means of backscattered electron 
detectors. 
Additional specimens were fixed in 2% glu-
taraldehyde containing 0.02 % mg/ml of filipin 
(Sigma), postfixed in 1% Os04 and submitted to 
a tannic acid incubation according to the method 
of Simionescu et al. (69) and then processed 
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for TEM examination. 
Results 
Light microscopy 
The histological appearance of segment l 
was that of a fibrolipidic plaque in 41 .2% 
(21 cases) and of a complicated plaque (calcium 
salts deposition -13, hemorrage -10, ulcer -18) 
in 58.8 % (30 cases). 
In contrast, LM investigation of segment 2 
provided the following results: diffuse intimal 
thickening (3.9 %), fatty streak (15.6 %), gelati-
nous lesion (l .9%), eccentric intimal thickening 
(9.8 %), fibrolipidic plaque (43.1 %), fibrous pla-
que (5.8 %), and complicated plaque (19.6%). 
Electron microscopy 
Normal surface endothelial morphology. 
Normal arterial endothelium appears as a sheet of 
regular, rather uniform cells evenly aligned 
along the flow direction . They are narrow, flat 
and lacking in surface projections (Fig . l). 
At low magnification the cell margins are scarce-
ly visible while nuclei slightly bulge into the 
lumen. The identification of endothelial lining 
can be made easier by the use of s ilver methena-
mine staining. In this case, subsurface nuclei 
are superimposed on EC surface morphology 
(Fig. l, insert). Moreover, there is no evidence 
of fibrin formation. Blood cells, mainly erythro-
cytes, are observed over the endothelial layer. 
Changes in endothelial cell shape and s ize. 
Endothelium continuou s ly covered atherosclerotic 
lesions irrespective of their hi stological appea-
rance except for the complicated l esions. ECs 
were mainly arranged in a polygonal pattern. 
Polygonal ECs (Fig. 2) showed occasional surface 
microvi llou s projections, marginal folds and 
s lightl y bulging nuclei thus resulting in a 
cobble stone appearance. This pattern was predo-
minant even though areas of spindle-shaped ECs as 
well as of irregularly aligned ECs were al so ob-
served. In addition, ECs showed a variable change 
in size. Anisocytosis was particu larl y evident 
when small-sized ECs were seen in conjunction 
with large ECs. 
Endothelial non-denuding injury. TEM of 
filipin/tannic acid treated samples shows lipid 
vesicles (35-70 nm) within endothelial transport 
channels and/or vacuole s in the intimal thicke-
nings associated with raised le sio ns . Lipid mate-
rial, most likely transported along a concentra-
tion gradient, appears to be segregated from any 
lysosomal influence. Moreover, lipid vesicles are 
seen next to the endothelial adluminal and ablu-
minal membrane, thus suggesting a probable endo-
thelial discharge. In the subendothelial space, 
lipids, undergoing a chemical-phys ical remodel-
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Fig. l. Normal arterial endothelium. SEM shows 
sheets of flat ECs evenly aligned along the 
flow direction. Subsurface nuclei superimposed 
to endothe lial surface morphology are illustra-
ted in the insert (silver methenamine staining). 
SEM. Bar= 50 µm; insert, Bar= 50 µm. 
Fig . 2. Changes in EC shape and size. SEM shows 
ECs arranged in a polygonal pattern. A moderate 
anisocytosis is also evident. Leukocytes 
(arrows) adhere to the EC surface. The circle 
outlines a red blood cell. SEM. Bar 20 µm. 
ling appear as vesicular lakes (Fig. 3) in close 
contact with matrix components (proteoglycans, 
microfibrils, collagen fibres). The vesicles 
appear tightly packed with electron-lucent core 
and lamellar periphery ranging 35-700 nm in 
diameter (Fig. 4). 
A regional adhesion of leukocytes was 
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clearly disclosed on the endothelium lining fatty 
streaks and uncomplicated plaques. In these 
areas, the polygonal ECs occasionally showed a 
contraction of the cell body with thin peripheral 
intercellular bridges and leaky junctions 
(Fig. 5). Foci of degenerating ECs and true en-
dothelial necrosis could be observed by TEM 
(Fig. 6). Monocytes were mainly detected in fatty 
streaks, whereas clusters of lymphocytes predomi-
nated on the proliferative lesions (Fig. 7). TEM 
revealed that a large amount of the cells within 
fatty le sions were monocytes/macrophages in 
origin. Scattered lymphocytes can be observed in 
close association with monocytes/macrophages and 
cell debris resulting, in part, from necrosis of 
foam cells. The frequency of lym~hocyte adhesion 
was unexpectedly high in the uncomplicated 
plaques. With TEM, the fibrous cap contained 
newly formed capillaries, containing lymphocytes, 
as well as clusters of subendothelia1 lymphocytes 
(Fig. 8). Fibrin, one of the hallmarks of in-
flammation, was frequently observed along with 
the surface inflammatory cells. Fibrin deposi-
tion can take the appearance of strands, threads 
and fibrous tangles (Fig. 7). It s presence may 
contribute to EC injury and to subendothelial 
oedema ( 66) . 
Borderline injury. The surface exposure of 
subendothelial macrophage-derived foam cells has 
been demonstrated in swine (21, 22), nonhuman 
primates (18, 19), Watanabe heritable hyperli-
pemic and hypercholesterolemic rabbits (59, 60). 
We observed this injury in man and particularly 
in well-developed fatty streaks. Basically, the 
lesion consists of a focal or a diffuse EC 
retraction (Fig . 9) with consequent exposure to 
the blood flow of underlying foam cells. The 
separation of this entity from other endothelial 
injuries (i.e., denuding and non-denuding) seems 
to be valid sin ce the lesion has proved to play 
a crucial role in the conversion of the fatty 
streak to a proliferative lesion (18, 59, 63). 
Earlier in the disease, the EC retraction allows 
the blood access to the subendothelial space. A 
dramatic increase in wall permeability can thus 
be expected. Massive platelet deposition is also 
observed (Fig. 10). In particular, close platelet 
-to-foam cell contacts are clearly demonst~ated. 
This may enhance macrophage cholesteryl ester 
accumulation (13). 
Endothelial denuding injury. With SEM, the 
endothelial denuding injury appears as a large 
area of the arterial surface lacking any endo-
thelial coverage. The surface consists of fibrin 
strands, blood cells, extracellular matrix compo-
nents and cell debris (Fig. ll) . Endothelium, 
with occasional features of regeneration, is 
observed at the edge of the lesion. 
The denuding injury should be accurately 
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Fig . 3. EC non-denuding injury. Filipin/tannic 
acid treated specimens show numerous lipid vesi-
cles in the subendothelial space. The arrows 
indicate the apparently unaffected endothelium. 
TEM. Bar 2 µm. _,. 
Fig. 4. EC non-denuding 1nJury. Filipin/tannic 
acid treated specimen. The subendothelia l lipid 
vesicles are shown at higher magnification. 
TEM. Bar 600 nm. 
Fig. 5. EC non-denuding 1nJury. The asterisk 
marks a polygonal EC showing a contraction of 
the cell body. Note the thin peripheral inter-
cellular bridges and the centrally placed micro-
villi. The arrow indicates a desquamating EC. 





EC non-denuding 1nJury. Focal necrosis 
Activated platelets as well as fibrin 
(arrows) are close to the subendothelia l 
TEM. Bar= 2 µm. 
Fig.7. EC non-denuding injury. Surface inflamma-
tory responses. Numerous leukocyte s take tena-
cio us contact with the endothelial surface. The 
surface infiltrate is mainly composed of lympho-
cytes. Monocytes are also present (arrows). 
Fibrin deposition takes formofthreads (arrow-
heads) and tangles(*). SEM. Bar= 20 µm. 
Fig. 8. EC non-denuding injury . The electron 
micrograph shows some subendothelial lymphocytes 
(arrows). TEM. Bar= 5 µm. 
differentiated from endothelial defects caused 
either by the C.P.D. procedure or by improper 
handling of the specimen as well as from si mple 
endothelial exfoliation. In the former case, 
there are many foci of denuded surface with a 
resultant "moth-eaten" appearance. In addition, 
the residual endothelium is detached from the 
subendothe lial matrix. Handling artifacts may be 
suspected when "scraped " areas are observed. 
As to endothelial exfoliation, only individual 
cell lo ss i s observed (Fig. 12). Interestingly, 
no platelet deposition can be detected on the 
exposed subendothelial matrix. This is in 
agreement with the recent observation that sub-
endothelial matrix immediately beneath endothe-
lium is not thrombogenic (4). In addition, 
desquamating cells can also be observed while 
protruding into the lumen (Fig. 5). They appear 
as swollen, rounded cells with smooth surfaces. 
In this case, no evident subendothelial defect 
is present. 
In our series, the endothelial denuding 
injury is a consistent feature of advanced and 
complicated plaques. We never found it over 
Endothelial injury 
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fatty streaks. Fibrolipidic plaques occasionally 
and gelatinous lesion s at all times showed a 
denuded appearance. 
Endothelial regeneration. In experimental 
models, endothelial injury is associated with 
varying degrees of endothelial regeneration. 
Basically, the residual ECs are stimulated to 
move toward the wound and, after a variable 
lapse of time, are able to repair the defect. 
The structural integrity of the endothelial 
lining is, therefore, maintained. The different 
phases of endothelial regeneration have been 
extensively investigated by Reidy's group (10, 
54, 55, 72). These studies have proved that 
small endothelial defects (10-15 cells wide) 
are followed by rapid endothelial repair 
(72 h). In contrast, wounds 90-120 cells wide 
are repopulated by ECs only after 7-8 days. 
Endothelial repair involves at least four sepa-
rate processes which include EC activation, 
spreading, migration, and proliferation. As well 
assessed by Gotlieb et al. (26), these processes 
occur sequentially in time and depend on the 
wound extension. Moreover, complex cytoskeletal 
rearrangement are involved. 
In human disease, two forms of endothelial 
repair are recognized. At the edge of focal sur-
face defects, we observed a continuous sheet of 
cells with feature s of spreading and migration 
(Fig. 13). ECs were particularly flat and irre-
gular in shape. They showed characteristic long , 
peripheral lamellipodia. Tenuous cell-to-cell 
contacts were also shown. Migration was further 
confirmed by the presence of isolated cells at 
some di sta nce from the advancing edge. More 
severe defects involving both surface and sub-
surface wall components are due to plaque sp lit-
ting and ulceration . In this case, the endothe-
lium failed to repair completely. With TEM rege-
nerating ECs are characterized by the cytoplasmic 
presence of many intermediate filaments and of 
stress fibres. The stress fibre assembly has 
been related to the inability of injured ECs to 
repopulate intimal defects (38). Moreover, ECs 
are frequently located on a reduplicated basal 
lamina. The most striking finding was the mono-
cyte/macrophage and the smooth muscle cell re-
cruitment. Aspects of thrombus incorporation were 
also observed. However, we never noted any sug-
gestive features of complete endothelial repair. 
Conclusions 
ECs are very sensitive to the different pro-
cedures of processing material, and artifacts 
can occur. It is well known that pre-perfusion 
and fixation protocols are critical for a proper 
evaluation of endothelial surface morphology (35). 
Wrinkling, collapse, foci of denudation and 
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Fig. 9. Borderline injury. EC retraction produ-
cing the surface exposure of macrophage-derived 
foam cells (arrows). SEM. Bar= 50 µm. .... 
Fig. 10. Borderline injury. Exposed macrophages 
(M) and aggregating platelets (arrow) are evi-
dent. The arrowheads indicate the endothelial 
layer. SEM. Bar= 10 µm. 
Fig. 11. Denuding endothelial 1nJury. The arte-
rial surface lacks any endothelial coverage. The 
subendothelial matrix is focally covered by acti-
vated platelets (arrowheads), fibrin threads 
(arrows) and cell debris (large arrow). 
SEM. Bar= 10 µm. 
Fig. 12. Endothelial desquamation. Individual 
cell loss is evident. No platelet deposition is 
observed on the exposed matrix. SEM. Bar= 5 µm. 
Fig. 13. Endothelial regeneration. Regenerating 
cells present features of spreading and migra-
tion. Peripheral lamellipodia are visible. 
SEM. Bar= 30 µm. 
membrane defects have been described (57). This 
may greatly limit the assessment of eventual 
endothelial injur y , particularly in man. Optimal 
fi xation procedures have been developed for ani-
mals and excellent results have therefore been 
achieved (36, 57, 58). As to human specimens, a 
correct approach i s virtually impossible. A per-
fusion fixation design can be attempted only 
when entire arterial segments are attainable. 
Thus, autopsy and tran splant are the potential 
sources for thi s kind of tis sue collection. 
Unfortunately, autopsy provides badly preserved 
material and legal and ethical consideration 
limit the access to a better maintained 
morphology. 
In order to partially overcome such limita-
tion s, we utilized the surgical source. In fact, 
sufficiently good results can be obtained from 
arterial segments taken at by-pass surgery and 
at endoarteriectomy, exspecially when the speci-
mens are processed immediately after removal. 
Fully conscious of its intrinsic limitations, we 
used an immersion fixation procedure after a 
short rinse in chilled phosphate buffer saline. 
This schedule appeared to us an acceptable com-
promise to evaluate endothelial surface morpho-
logy in man. 
SEM investigation showed that a continuou s 
endothelial layer is usually present over athe-
rosc lerotic lesions irrespective of their histo-
logical appearance. Endothelial cells are mainly 
arranged in a polygonal fashion and present 
changes in cell size. 
Endothelial injury 
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In the past, these changes have been considered 
by some authors as an expression of subtle endo-
thelial injury (8, 56). Other inve st igators have 
questioned the true endothelial nature of the 
polygonal lining. In fact, medial smooth muscle 
cells can migrate onto the vessel surface, giving 
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or1g1n to a pseudo-endothelial lining very si-
milar to the polygonal endothelium (28, 53, 68). 
In our study, these changes appeared to be 
almost non-specific. TEM demonstrated that the 
layer was endothelial in origin. Whether these 
changes should be considered a sign of endothe-
lial injury remains an open question. However, 
inferences from animal studies suggest a rela-
tion with local changes in fluid haemodynamic, 
including flow patterns, shear stress, and sta-
gnation points (6, 15, 74). 
Features which may be considered an expres-
sion of non-denuding endothelial injury have 
been observed in intimal thickenings, fatty 
lesions and uncomplicated plaques. Basically, 
they are characterized by: i) lack of any exten-
sive endothelial loss; ii) interaction of endo-
thelium with blood cells and. components most 
likely due to the acquisition of an activated 
endothelial state in selective fields of the 
endothelial layer. 
Intimal thickenings close to raised lesions 
showed extensive, mainly extracellular lipid 
collections immediately beneath an apparently 
intact endothelium. The subendothelial deposits 
are composed of many tightly packed lamellar 
vesicles which are believed to derive from an 
increased transendothelial passage of LDL (7,30, 
69). Our TEM observation of lipid vesicles 
within transendothelial channels and in close 
association with both the adluminal and ablumi-
nal aspect of the endothelial cell membrane may 
support this view. Lipid deposits have been 
demonstrated to chemoattract blood monocytes in 
animals (23). Modification of LDL by endothelium 
may render it recognizable by the scavenger 
receptor on macrophages (3, 20, 73). It may 
therefore be hypothesized that the ECs may in-
duce the generation of the subendothelial depo-
sits of monocyte-derived foam cells which are 
virtually characteristic of human fatty streaks. 
Focal adhesion of leukocytes to the endo-
thelium has been appreciated in fatty streaks 
and uncomplicated plaques. This may be correla-
ted to the endothelium activation induced by 
specific cytokines, including i-interferon, 
interleukin-1, and tumor necrosis factor (12, 
33, 48). Activated ECs may, therefore, express 
specific binding sites for monocytes and lympho-
cytes such as ELAM-1 (2) and ICAM-1 (17, 65). 
As described in the early stages of hyper-
cholesterolemia-induced atherosclerosis in 
animals, including the pig (21, 22), monkey (18, 
19), rat (42), pigeon (40) and rabbit (59, 60), 
monocytes are specifically involved in the com-
position of human fatty streak. In contrast, 
lymphocytes predominate in the uncomplicated 
plaques. This is in accordance with previous 
histological and immunohistochemical reports 
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(27, 31, 41). Lymphocytes were observed while 
adhering to the endothelium as well as in the 
plaque fibrous cap. Diapedesis through the endo-
thelial layer may be the source of the lymphocy-
tes contained in the fibrous cap. In addition, 
newly formed vascular channels containing lympho-
cytes may provide an alternative lymphocyte 
source. In a previous paper (46) we also demon-
strated that lymphocytes are of the T-subset. 
However, we were not able to detect any diffe-
rence in the T4/T8 ratio. Moreover, T lymphocytes 
and perhaps also monocyte/macrophage displayed 
features of activation as demonstrated by focal 
positivity for the monoclonal antibody BER-H2 
which recognizes the CD-30 antigen strictly 
related to cell activation. Interestingly, many 
of these cells were also activated while still 
adhering to the endothelium. This may be indirect 
evidence that endothelial cells, in particular 
conditions, may take on inducible functions 
(class II histocompatibility antigens, release 
of interleukin-1). 
The surface exposure of macrophage-derived 
foam cells was observed mainly over fatty streaks 
for the first time in man. However, its potential 
role in the conversion of the fatty lesion to the 
proliferative plaque (18, 19, 59, 60, 63) remains 
to be established in man. 
Finally, all complicated lesions lack endo-
thelial coverage. This applies both to usual 
atherosclerotic plaques and to debatable lesions, 
e.g., gelatinous lesions. Therefore, it may be 
suspected that the typical endothelial denuding 
injury is specifically related to the presence 
of complications of the diseased arterial wall, 
such as thrombosis, haemorrhage and ulceration. 
It appears to be a consequence of the arterial 
wa 11 degeneration with an associated failure in 
endothelial repair. 
In summa·ry, this paper has concentrated upon 
EC morphological changes which can be observed 
during the evolution of atherosclerosis in man. 
The presence of changes in endothelial shape and 
size, features of endothelial injury, including 
non-denuding, borderline and denuding injuries 
as well as of endothelial regeneration, has been 
documented and discussed. Each type of EC mor-
phological changes was mainly observed in spe-
cific stages of the evolution of the disease. 
Precise correlations between morphological and 
functional information as well as inferences 
from animal studies are needed to draw proper 
conclusions. However, our data support the view 
that endothelial cells are actively involved in 
the evolution of atherosclerorosis in man. 
Endothelial injury 
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Discussion with Reviewers 
B. E. Spurlock: Were the lesions reported as 
denuded and non-denuded at the SEM level pre-
viously observed grossly? 
Authors: No, they were not. The sample collection 
was irrespective of the gross surface appearance. 
In each case, the symptomatic plaque at the 
carotid bifurcation and the common carotid artery 
at 2 cm. from the main lesion were selected. 
Reviewer II: The cellular mechanisms regulating 
transendothelial transport of solutes is contro-
versial and at best, poorly understood. The 
authors have stated they observe leaky junctions, 
vesicular components and leaky channels. Scanning 
electron micrographs are used to substantiate 
these conclusions. Can the authors truly esta-
blish these cellular structures as the site of 
vascular permeability? 
Authors: On the basis of scanning electron infor-
mation we cannot substantiate these conclusions. 
However, TEM of filipin/tannic acid treated 
samples showed the presence of lipid vesicles in 
G. Pasquinelli et al. 
correspondence of both the abluminal and adlumi-
nal aspects of the endothelial cell membrane as 
well as within cytoplasmic transport channels. 
We defined as transport channels those vacuoles 
or cystic spaces which most probably derive by 
invagination of the plasma membrane and are 
characterized by a serpentine appearance conti-
nuously stained by tannic acid. However, dynamic 
studies using permeability markers are needed 
before drawing definitive conclusions. 
Reviewer II: One possible explanation for the 
observation of activated endothelium on carotid 
arteries from these patients could be trauma 
related to surgical procedures or presurgical 
procedures such as angiograms. Do the authors 
have information they can provide concerning 
these possible effects? 
Authors: No, we do not. We agree that the 
relationship between trauma due to invasive 
procedures and perturbation of the endothelial 
cell membrane deserves particular attention and 
needs further investigation. 
Reviewer II: The authors state severa l times 
that the luminal lining of cells are endothelium 
and not smooth muscle. The major proof of this 
claim rests on two low power electron microgra-
phs. What is the morphological criteria by which 
the endothelial nature of these cells is esta-
blished? 
Authors: Basically by identification of Weibel-
Palade bodies. In addition, the presence of 
marginal folds, micropinocytotic vesicles, in-
termediate filament s 10 nm thick, tight junc-
tions, and basal lamina were also taken into 
account. 
M. Richardson: What is the relationship of areas 
showing "polygonal" or irregular endothelial 
cells to the bifurcation of the carotid artery? 
Authors: There was no particular relationship. 
Unlike experimental atherosclerosis, in human 
disease the local variations in blood hemodyna-
mics are very complex and only partially predic-
table. This may explain the lack of a clear 
association between endothelial surface morpho-
logy and specific topographical areas of the 
carotid district. 
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